The wear resistance of iron nitrides compound layers and a high nitrogen martensite phase formed in the material surface for industrial pure iron, treated by nitriding and quenching followed by aging process were studied experimentally. Both the compound layer without pores by lowering the nitriding temperature and the high nitrogen martensite phase, showed the same tendency to high wear resistance. On the other hand, the pores in the compound layer made by the longer nitriding time decreased the wear resistance due to the acceleration of crack propagation. Metal ows were observed at the ε-phase in the compound layer very close to the surface after a sliding test. However, no strain hardening was observed. It was also found that the metal ows on a large part of the martensite layer and the hardness increased considerably.
Introduction
Many kinds of surface hardening treatments have been developed in order to improve the wear resistance of steels. [1] [2] [3] [4] [5] [6] [7] [8] However, the processes such as carburizing and carbo-nitriding have a problem with dimensional changes since the process must be conducted at a high temperature. 9) To avoid this problem, a nitriding-quenching treatment with the lower temperature treatment has recently been developed. [9] [10] [11] [12] In this process, the steels are heated to the austenitizing temperature in the ammonia gas atmosphere followed by quenching. During the heating process, nitrogen atoms diffuse into the steel surface and then the steel is quenched to form the high nitrogen martensite phase. A hardened layer is supported by the high nitrogen martensite and iron nitride. [9] [10] [11] [12] [13] To further improve the properties of nitrided surface, some post treatments after the nitriding process were examined [14] [15] [16] [17] , such as the aging process [15] [16] [17] . A. Alsaran et al. 15) found that a large hardening phenomenon occurred by aging after nitriding-quenching treatment and the surface hardness in the low alloy steel reached to 1000 HV caused by the hard α -Fe 16 N 2 phase. Therefore, the nitriding and quenching followed by aging process can be expected to enhance the wear resistance because of the hardened surface layer. Meanwhile, in the nitriding process, pores tend to form easily into the compound layer. 18) These pores are thought to be one of the causes of decrease in the wear resistance. If the wear resistance can be improved by using a hard layer of iron nitride without pores by the optimization of heat treatment conditions, the applications of low alloy steel or industrial pure iron to the parts required the wear resistance will become more varied. The aim of this study is to examine the effects of various conditions of nitriding and quenching in addition to the aging process on the wear resistance without lubrication of industrial pure iron.
Experimental Procedure

Specimen preparation
The material used in this study was a hot-rolled and annealed industrial pure iron of 4 mm thickness with the chemical composition shown in Table 1 . Specimens of 1.2 t × 10 w × 10 ℓ (mm) were cut from the plate. The specimen surface was ground using 1000 grit emery paper. Then the nitriding and oil quenching process was conducted and aging treatment was performed at 533 K for 5.4 ks. The nitriding temperature and holding time were 913 K at 5.4 ks (Steel A), 913 K at 10.8 ks (Steel B) and 1033 K at 5.4 ks (Steel C), respectively. The heat treatment was performed in the atmosphere of N 2 -NH 3 -H 2 . In the stable condition of gas decomposition, NH 3 concentration and N 2 potential, K N were 1.5 mass% and 0.02, respectively. In addition, a pure iron specimen without the heat treatment (Steel D) was prepared for a comparison.
Observation of microstructures
The specimens after heat treatment (Steel A, B and C) and without heat treatment (Steel D) were cut cross-sectionally in a rolling direction and polished by using emery papers (#340 up to #2000) followed by alumina suspension with a grain size of 0.3 μm, colloidal silica and then were etched using 3% nital solution. The microstructures were observed by means of a eld emission scanning electron microscopy (FE-SEM Ultra 55, Carl Zeiss) with an acceleration voltage of 5 kV. The microstructure was analyzed by electron backscatter diffraction (EBSD), which was installed on a scanning electron microscope (SEM-EBSD SU6600, Hitachi High-Technologies).
The change of nitrogen content from the surface along the thickness was measured by electron probe microanalysis (EPMA JXA8200, JEOL) with an acceleration voltage of 10 kV.
Hardness test
The hardness distribution from the surface to a depth of 100 μm of the specimen was measured by using a nano-indentation hardness tester (ENT-2100, Elionix). The test force was set at 9.8 mN and evaluated by the average value of 22 test points at each depth position.
Wear test and wearing behavior analysis
The wear test was conducted by using a ring-on-plate type sliding tester. The ring was made of JIS SKD11 with inner and outer radii of 2 mm and 4 mm, respectively. The sliding test was performed at a rotation speed of 31.4 mm/s under a contact pressure of 1.06 MPa without lubrication as shown in Fig. 1 . The total sliding distance was adjusted to 753.6 m and the friction behavior of the specimen s surface after sliding tests were observed by using a laser scanning microscope (VK-9700, Keyence). An example of a wear pro le is shown in Fig. 2 . The wear pro le was measured to determine the wear volume V by using Formula (1) from the obtained total wear area.
A, a and b were de ned in Fig. 2 . Furthermore, the speci c wear rate Ws was obtained from the wear volume V, the test load, W and the sliding interval, L according to the following Formula (2).
The chemical composition of worn powder was analyzed by SEM-EDS (FE-SEM Ultra 55, Carl Zeiss) with an acceleration voltage of 5 kV.
After the sliding test with the distance of 94.2 m, EBSD analysis were performed for the cross-sectional surface of Steel A and C comparing before the sliding test. The observation condition was the same as the analysis for each specimen in 2.2.
Results and Discussions
Microstructure observation
The SEM images and EBSD phase maps of the cross-sectional surface to rolling direction after nitriding and quenching followed by aging process are shown in Figs. 3 and 4. Nitrided layer of Steel A (913 K at 5.4 ks), B (913 K at 10.8 ks) and C (1033 K at 5.4 ks) was about 40 μm, 60 μm, and 90 μm, respectively. In the surface of Steel B, many pores appeared while no pores were found in Steel A as shown in Fig. 3 . The rst layer of Steel A and B consisted of hcp and fcc structures and the second layer of both steels was bcc structure. The nitride layer of Steel C consisted almost entirely of bcc structure and a small amount of fcc structure.
The nitrogen content from the surface of specimen obtained by using EPMA is shown in Fig. 5 . The nitrogen content in the rst layer of Steel A and B were 2.1-6.2 mass%, while that in the second layer was 0.7-2.1 mass%. In Steel C, the nitrogen content of the nitrided layer was 0.7-1.7 mass%. The ranges of nitrogen content of Steel A and B at 913 K correspond to ε-Fe 2 3 N, γ -Fe 4 N and γ phases in the phase diagram of Fe-N system. Therefore, the ε-Fe 2 3 N, γ -Fe 4 N and martensite phase formed serially at the surface after the quenching process. The ranges of nitrogen content of Steel C at 1033 K correspond to only γ phase, therefore only martensite phase formed in the surface after the quenching process. From the above results, it can be estimated that the rst layer of Steel A and B was a compound layer (ε-Fe 2 3 N and γ -Fe 4 N phases) and that the second layer of both steels was nitrogen martensite. On the other hand, Steel C consisted almost entirely of nitrogen martensite and a small amount of retained austenite as shown in Fig. 4 . In this study, α -Fe 16 N 2 phase was not detected. 
Hardness and microstructure changes
Nano-indentation hardness (H IT ) test results from the surface after nitriding and quenching followed by aging process are shown in Fig. 6 . The highest hardness values of Steel A, B and C were obtained at a depth of 24 μm, 37 μm and 22 μm and the value of H IT amounted to 12482 N/mm 2 , 13743 N/ mm 2 and 9373 N/mm 2 , respectively. Steel B showed the highest hardness. In contrast, Steel C showed the lowest hardness. The surface hardened depth of Steels A, B, and C reached about 40 μm, 60 μm, and 90 μm, respectively. Thus, the hardened thickness tended to increase with increasing nitriding temperature and holding time. Figures 7(a), (b) show the H IT change from the surface before and after the sliding tests of Steel A and C. Figures 8(a) , (b) show the SEM images at the surface after sliding tests (distance of 94.2 m) of Steel A and C. The surface hardness of Steel A after a sliding test showed no signi cant change in comparison with the one before as shown in Fig. 7(a) , as the hardness pro le shifted about 10 μm because of abrasion by sliding test. However it was found that metal ow in the ε-phase of compound layer at very close to the surface after sliding test as shown in Fig. 8(a) . The metal ow is caused by the plastic deformation. On the other hand, the surface hardness of Steel C after the sliding test was markedly increased as shown in Fig. 7(b) . In addition, it was found that the metal ow on a large part of the martensite layer as shown in Fig. 8(b) . surface layer in Fig. 8 (a) was ε-Fe 2 3 N phase. In addition, it was estimated that the amount of plastic deformation in the surface by sliding was relatively small because of clarity of the phase and IPF maps. In the same way, EBSD analysis results in Steel C before and after sliding test at a distance of 94.2 m are shown in Fig. 10 . IPF maps revealed that the surface layer before sliding test was bcc structure (martensite) and the surface layer after sliding became the phase where the clarity was very low. It was surmised that this decrease in the clarity was caused by the plastic deformation as shown in Fig. 8(b) . Therefore, it can be indicated that strain hardening is occurred strongly in the martensite layer through the metal ow during the sliding.
Wear test
The wear pro le changes by sliding distance are shown in Fig. 11 , and the relationship between the wear volume and the sliding distance obtained by Fig. 11 is shown in Fig. 12 . In Steel D (without heat treatment), the wear volume in the initial stage of sliding test increased rapidly (sliding distance: 0 94.2 m) and then increased with a constant gradient. This behavior is evidence of the wear phenomena that divided into initial wear and steady-state wear, which have previously been found. 19) The initial wear occurred on the sliding distance of 0 94.2 m while steady-state wear of 94.2 753.6 m. Meanwhile, the initial wear in Steel A, B and C was extremely small. This was thought to be due to the nitriding and quenching followed by aging process.
The quantitative comparison of wear volume is shown in Fig. 13 . From the results, it was revealed that the nitriding and quenching followed by aging process brought about the strong suppression at the early stage of wear. The wear volume in Steel B was more than Steel A due to the pores at the surface. Meanwhile, the wear volume in Steel A and C had about the same value. It can be concluded that the compound layer without pores and the martensite layer will produce a material that possesses the same wear resistance. On the other hand, the pores shown in Fig. 3(b) decreased the wear resistance.
Observation of the friction surface and worn powder
The SEM images of friction surfaces after the sliding test with a distance of 753.6 m is shown in Fig. 14 . Steel A, B and C were seemed to be a relatively at surface. In contrast, in Steel D, the relatively deep scratches parallel to the sliding direction which is the characteristic of abrasive wear 20) were observed.
The EDS analysis results of the worn powder extracted at the initial stage of wear are shown in Fig. 15 . Only Fe was found in the worn powder of Steel D. Meanwhile, in Steels B and C, besides Fe, we also found Cr which is contained in the JIS SKD 11 as an opposite material. Therefore, it can be assumed that the worn powder was due to the adhesive wear resulting from the opposite material.
Effect of voids in the nitrided layer
As shown in Fig. 12 , Steel A and C showed the same tendency towards high wear resistance. On the other hand, Steel B showed lower wear resistance due to the existence of pores. The numerous pores in the compound layer may effectively act as pre-cracks, and it is inferred that this leads to the occurrence of fracture.
The SEM image of the wear surface of Steel B after the sliding test with a distance of 94.2 m is shown in Fig. 16 . Peeling scars were found around the worn area. This suggests that the occurrence of fracture was the result of the pores that were connected to one another and propagated to the surface. This is what caused exfoliation. Based on the above results, it was revealed that the increasing wear volume of Steel B compared with Steel A and C was caused by the pores in the compound layer, acting as pre-cracks.
Conclusions
(1) The nitriding and quenching followed by aging process increases the wear resistance without lubrication of the industrial pure iron due to the compound layer and martensite layer.
(2) Pores in the compound layer acted as pre-crack and accelerated the process of cracking. Thus, the wear resistance of steel was reduced. (3) The nitriding and quenching followed by aging process suppressed the initial wear during the sliding test. This phenomenon showed that the abrasive wear was depressed by the compound layer or martensite layer. (4) The ε-phase made at the surface can become deformed during the sliding test; however, no strain hardening was observed. (5) The martensite layer showed strain hardening during the sliding test.
